Silver nanoparticles have a high antimicrobial activity and are broadly utilized for several disinfection purposes including water and materials' sanitization for medical purposes. There have been comparatively few studies on using silver against plant pathogenic fungi. In this study, silver nanoparticles (Ag NPs) were used at concentrations of 0.0, 0.0002, 0.0005, 0.0007, 0.0009, 0.0014 and 0.0019 mol/L. Six different Rhizoctonia solani anastomosis groups (AGs) infecting cotton plants were treated in vitro with Ag NPs on Czapek Dox agar (CDA) and potato dextrose agar plates. The results showed that various concentrations of Ag NPs have antifungal properties to control R. solani AGs. The obtained results also revealed that strong inhibition of R. solani AGs was noticed on CDA at all concentrations.
Introduction
Nanotechnology is a field of science which includes synthesis and development of several nanomaterials. Nanoparticles have unparalleled physicochemical, biological and optical characteristics, and are used as antimicrobials in different fields. They also have many applications in [1] optical devices, [2] catalytic processes, [3] biological labelling, [4] sensor technology [5] and electronics [6] and may suppress the expression of proteins associated with adenosine triphosphate production. [7] In spite of that, some of the specific antimicrobial mechanisms which affect the silver are not well understood. Liu et al. [8] found that micromolar dosages of silver and copper ions may kill bacteria in water, whereas high doses of silver ions may be toxic to mammals, [9, 10] marine [11] and freshwater organisms. [12] Such concentrations of silver do not have adverse effects on human beings. [13] As an alternative to synthetic fungicides, the use of silver nanoparticles (Ag NPs) as antifungal agents has become more widespread, as scientific progress make their production more cost-effective (Table 1) . One of the applications that Ag NPs can be used in is plant diseases management. So far, there have been a few reports for silver nanoparticles' applications against plant pathogenic fungi.
[14À22] The basic requirement for the possible usage of silver against plant diseases is gaining more information about the antimicrobial activity of several silver compounds. Another requirement is the development of strategies for the increase of the application effectiveness of Ag NPs in order to suppress plant pathogens. The aim of the present study was to synthesise silver NPs and to determine their inhibitory effect against R. solani groups, which infect cotton plants.
Materials and methods

Synthesis of silver NPs
For the synthesis of Ag NPs, AgNO 3 solution (1.0 mmol/L) was utilized as a metal salt precursor, whereas sodium citrate solution (1.0 mmol/L) was used as a reducing and stabilizing agent at 25 C § 2 C. The clear colourless solution was changed to the characteristic pale yellow, when sodium citrate was utilized as a stabilizing agent. 
Characterization of NPs
The silver nanoparticles' characterization by ultravioletvisible (UV-Vis) absorption spectra was carried out by PerkinElmer LAMBDA 35 UV-Vis spectrophotometer (USA). The UV samples for the silver NPs were prepared by diluting 2 mL of the stock solution of pure silver NPs in 8 mL of water. The stock solutions were prepared by dispersing 5 mg of silver nanoparticles in 5 mL of water with 1 h of sonication (Sonicator® 740 and 740X Ultrasounds). The spectra of the sample in methanol were recorded in the range of 300À800 nm. The powder diffractometric assay (Japan) by Cu of the silver nanoparticles was carried out on a Rigaku Miniflex X-ray diffractometer (Rigaku, Ka (λ D 1.5406 A ) radiation according to the Scherrer formula (L D k ƛ/b £ cos2u). The patterns were recorded in the 2u range from 10 o to 90 o with a scanning rate of 0.05 mV/s. The sizes of the prepared silver NPs were measured by using high-resolution transmission electron microscopy (HRTEM), which was performed on JEM-2100F (JEOL, USA) at 120 kV accelerated voltage. The specimens for the transmission electron microscopy (TEM) (JEOL, USA) were prepared by placing a drop of the primary specimen on a copper grid. Then, the sample was dried for 6 h at 80 C in an oven and observed at high magnification for determination of the nanoparticles' sizes. The morphology of the NPs was analysed by using both TEM and scanning electron microscope (SEM, JSM-6380LA, Japan) at an operating voltage of 2 kV. The silver NPs' specimens were firstly seated on metal studs, cut by razor blade and dried in vacuum drying oven (Model 1:53 litres' vacuum oven, Vinci Technologies, France). Afterwards, the specimens where covered with a carbon layer, using a sputter coater (BAL-TEC SCD 005 Sputter Coater, Capovani Brothers Inc., Scotia, NY, USA). To confirm the purity of the product, the chemical structure of the silver nanoparticles was analysed by using energy-dispersive X-ray spectroscopy (Altima IV Make: Regaku, Japan).
R. solani isolates and pathogenicity test
Rhizoctonia solani isolates used in this study were obtained from the Cotton and Fiber Crops Diseases Research Department, Plant Pathology Research Institute, Giza, Egypt. The pathogenicity test of R. solani isolates on the Egyptian cotton cultivars (Gossypium barbadense L.) was performed under greenhouse conditions. All six isolates (Table 2 ) from different R. solani anastomosis groups (AGs) used in this study were obtained from cotton and different crops' roots. Fungal cultures were prepared in 500 mL flasks; each flask contained 100 g barley grains and 50 mL tap water. All flasks were autoclaved for 30 min. Flasks were inoculated with mycelial discs (five discs, 4 mm in diameter) taken from seven-day-old culture. Flasks were incubated at 27 C § 2 C for three weeks. Six isolates of R. solani AGs representing several AGs (Table 2) were used in this study. The batches of autoclaved clay loam soil were infected with inoculums of each isolate at a rate of 2 g/kg soil. The inoculum and soil were mixed, so that the inoculum could be evenly distributed in the soil. Pots containing both infected and uninfected soil 'as a control' were cultivated with 10 seeds/pot for each cultivar (Giza 80, Giza 86, Giza 88, Giza 90 and Giza 92). The percentages of the survived plants were calculated according to the following equation:
Plant survivalð%Þ D ðNumber of healthy plants= 10ðtotal seeds plantedÞÞ£100 (1) Inhibitory effect of silver nanoparticles against R. solani AGs
The inhibitory effect of the silver nanoparticles was evaluated on two growth media À potato dextrose agar (PDA) (39 g PDA / 1 L distilled water) and Czapek Dox agar (2 g sodium nitrate, 1 g dipotassium phosphate, 0.5 g potassium chloride, 0.5 g magnesium sulphate, 0.01 g ferrous sulphate, 30 g sucrose, 15 g agar / 1 L distilled water) with silver nanoparticles' concentrations of 
where R is the linear growth of the control plate and r is the radial growth of fungal culture on the plate treated with Ag NPs.
Statistical analysis
The experimental plan of this investigation was a randomized complete block and the treatments were conducted in three replicates. The MSTAT-C statistical package was used for the analysis of variance (ANOVA) of the data and correlation analyses. The least significant difference (LSD) was utilized to compare the means of the obtained treatments' results. Also, the effective doses 50 (ED 50) and ED 90 were calculated by the Probit program.
Results and discussion
UV-Vis spectral analysis
The UV-Vis absorption spectra is an essential method to observe the forming and stabilization of metal nanoparticles in aqueous solutions, as the spectral response of nanoparticles is based on their diameter. The peak plasmon resonance moves to longer wavelengths and broadens as the diameter increases. [23] Therefore, the aqueous bio-reduction of silver ions could be successfully observed by UV-Vis, which is sensitive to numerous factors, such as particle shape, size and particleÀparticle interaction with the medium. [24] When the synthesized sample was subjected to UV-Vis spectral analysis, the obtained λ max value was 400À500 nm, which was corroborated by using HRTEM. The obtained UV-Vis spectrum is given in Figure 1 .
Powder X-ray diffraction
The synthesized Ag NPs crystalline nature has been confirmed by the analysis of the X-ray diffraction (XRD) pattern. Figure 2 indicated towards the face-centred cubic (fcc) structure of the silver nanoparticles. On the basis of the half-width (L) of the (111) reflection in the powder pattern, the average grain size L determined from the broadening of the (111) reflection by the Scherrer formula was roughly 42 nm.
TEM analysis
The morphology and size of the synthesized silver nanoparticles were examined by using TEM. The TEM images ( Figure 3) show that the as synthesized NPs had spherical morphology, with a size range of 40À60 nm, in which few nanoparticles were conglomerated.
SEM and energy dispersive analysis X-ray (EDX) analyses
The SEM image of the Ag NPs is shown in Figure 4 (A). It can be seen that different shapes of silver nanoparticles were obtained. The SEM micrograph of the silver nanoparticles did not show a uniform surface. The particles were not well-defined in shape and they appeared to be stacked in layers. Furthermore, the elemental structure of the synthesized specimen was also measured by EDX analysis. The EDX profile showed a strong Ag signal and weak carbon peaks, which may be due to the carbon tape utilized for the analysis. The EDX spectrum in Figure 4 (B) revealed a clear identification of the elemental component profile of the synthesized silver nanoparticles. The intensive signal at 3 keV highly suggested that silver was the main element that showed an optical absorption in this range, as a result of the surface plasmon resonance. [24, 25] 
Pathogenicity of R. solani AGs on cotton cultivars
The ANOVA showed that the effects of the cultivars on the plant survival percentage were non-significant (data not shown), whereas the isolate was significant source of difference at P 0.05. On the other hand, isolateÀcultivar interaction was a non-significant source of difference (Table 3 ). Data presented in Table 3 revealed that the isolate was the most important factor affecting plant mortality. The results in Table 3 also showed that the isolates resulted in 100% level of mortality in the case of R. solani AG-2-2, R. solani AG-6 and AG-10. It was noticed that there was no common trend correlation of AGs with virulence. These results were in agreement with the results obtained from other studies. [26, 27] Similar results have also been reported by a number of authors. [28, 29] Khedri et al. [30] suggested that R. solani isolates obtained from various crops may infect and cause mortality of cotton plants.
Inhibitory effect of silver nanoparticles against R. solani AGs on various culture media
ANOVA of Ag NPs revealed that R. solani AGs (R), concentrations (C) and their interactions (R £ C) were highly significant sources of difference in the radial growth Table 8 ).
The highest inhibition on PDA was observed against R. solani AG-6 (Table 9 ) treated with a 0.0019 mol/L concentration of silver nanoparticles (73.60%), and the estimated ED50 and ED95 obtained by linear regression were 0.00069 and 0.0061 mol/L, respectively, whereas 0.0019 mol/L concentration of Ag NPs resulted in 69.16% inhibition against R. solani AG-2-2 with Note: Potato dextrose agar (PDA); Czapek Dox agar (CDA). Table 5 . Relative contribution of the interaction between R. solani isolate and silver nanoparticles' concentration to the linear growth variation of R. solani grown on PDA and CDA.
Relative contribution to the linear growth variation of R. solani 0.0007 mol/L (ED50) and 0.0126 mol/L (ED95) on PDA ( Table 9 ). On the other hand, the lowest inhibition was noticed against R. solani AG-1 treated with a 0.0019 mol/L concentration of Ag NPs on PDA (Table 9 ) and the estimated ED50 and ED95 obtained by linear regression were 0.0019 and 0.0184 mol/L, respectively. The present study suggested that Ag NPs are able to inhibit R. solani AGs; nevertheless, different results were obtained according to the concentration of the silver nanoparticles. Most Ag NPs exhibited a high antifungal effect at a concentration of 0.002 mmol/L. Moreover, the results showed that a higher suppression rate was noticed on CDA, when compared with the obtained suppression rate on PDA. In general, the inhibition increased with the increase of the silver nanoparticles' concentration. These results are in agreement with those obtained from Park et al. [31] ; Kim et al., [32] Min et al. [33] and Kabir et al. [15] reported that Ag C and NPs had a significant effect on plant pathogenic fungi, Bipolaris sorokiniana and sclerotium-forming phytopathogenic fungi and Colletotrichum species. This is probably due to the high intensity at which the solution is capable to saturate and adhere to the fungal hyphae and to control the plant diseases. Feng et al. [34] reported that DNA loses its ability to duplicate when the fungal culture was treated with Ag C , which may lead to a deactivated expression of ribosomal subunit proteins and to the synthesis of disabled enzymes and cellular proteins, important for the adenosine triphosphate production. [7, 35] Bragg and Rainnie [36] and McDonnell and Russell [37] hypothesized that the silver ions mostly affect the function of the membrane bound enzymes, for example those in the respiratory chain. The results from the in vitro analysis in the present study showed that the silver nanoparticles may be used as antifungal agents by destructing the membrane integrity. Thus, it was concluded that silver nanoparticles have significant antimicrobial activity. There is a need to further investigate the field applications of these findings.
Conclusions
In the present study, the AgNPs were synthesized by a traditional way. The silver nanoparticles were characterized by using UV-Vis spectral analysis, TEM, SEM, XRD and EDX. We also studied the pathogenicity of six R. solani AGs on five cotton cultivars and evaluated the silver nanoparticles' efficacy against R. solani AGs. The obtained results from the present study presented that silver nanoparticles exhibited reduction in the growth of R. soalni AGs. 
